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Cemented	 carbides,	 often	 referred	 to	 as	 hardmetals,	 are	 materials	 composed	 by	 two	
major	phases:	a	carbide	ceramic	phase	and	a	binder	metallic	one.	The	metallic	binder	maintains	
the	 ceramic	 grains	 together	 in	 an	 interpenetrated	 network	 structure.	 This	 heterogeneous	
microstructure	 confers	 to	 the	 material	 good	 mechanical	 properties	 such	 as	 high	 hardness,	
elevated	 fracture	 toughness	 and	 high	 compressive	 strength	 and	 wear	 resistance.	 Given	 their	
good	mechanical	properties,	the	main	application	of	cemented	carbides	is	cutting	tools.	In	order	
to	 improve	 the	mechanical	 properties	 of	 cemented	 carbides,	 some	 researches	 have	 proposed	
cryogenic	treatment,	on	the	basis	that	it	has	proven	in	steel	tools	to	extend	the	life	in	service	by	
increasing	 its	 wear	 resistance.	 In	 the	 present	 project	 a	WC-Co	 (ultra-fine)	 and	 a	WC-Ni	 (fine)	
cemented	 carbides	 grades	 were	 studied	 in	 order	 to	 determine	 the	 effect	 of	 the	 cryogenic	
treatment	 in	 their	 mechanical	 properties.	 To	 determine	 the	 influence	 of	 the	 soaking	 time	 at	
cryogenic	temperatures	on	the	mechanical	properties,	two	batches	of	samples	were	subjected	to	
4	h	and	9	h	respectively.	Vickers,	Rockwell	A	hardness	and	bending	tests	were	performed	in	the	







were	 observed	 for	 both	 grades	 but	 cryogenic	 treatment	 do	 not	 induce	 those	 changes.	WC-Co	
grade	 with	 9	 h	 held	 at	 cryogenic	 temperature	 decreases,	 and	WC-Ni	 grade	 with	 4	 h	 held	 at	
cryogenic	temperature	increases.	Fractographic	inspection	showed	that	pre-existent	defects	are	
responsible	 for	 low	 values	 of	 TRS	 in	 the	 Co	 grade.	 Concerning	 the	 Ni	 grade,	 no	 defects	 were	
observed	 under	 each	 condition	 and	 it	 is	 assumed	 that	 it	 breaks	 from	 intrinsic	microstructural	
heterogeneities	(grains	repartition).	In	a	word,	the	changes	observed	in	fracture	strength	are	not	













































molten	metallic	phase.	They	are	mainly	used	 for	machine	 tools	as	 replacement	 for	high-speed	
steels.	 They	are	also	 called	hardmetals	 [1].	 Cemented	 carbides	are	one	of	 the	most	 successful	
composite	engineering	materials	ever	produced	because	their	a	unique	combination	of	strength,	





technical	 applications.	 Hardmetals	 are	 generally	 subjected	 to	 complex	 combinations	 of	 stress	
states	and	environmental	conditions	[4].	
	

















proper	 material	 to	 be	 used	 for	 the	 drawing	 dies	 to	 produce	 tungsten	 filament	 wires	 as	 a	
substitute	for	diamond,	which	was	very	expensive.	Tungsten	carbide	was	chosen	since	it	exhibits	
sufficient	wear	resistance.		
	The	 first	 hard	metal	 company	was	Krupp	Essen	 (1923).	 The	production	 at	 Krupp	Essen	






1945),	 the	 hardmetal	 production	 of	 KRUPP	 increased	 exponentially	 because	 of	 an	 increasing	
consumption.	Further	development	of	hardmetals	concerns	others	combinations	of	carbide	and	
binder.	 	 Moreover,	 coating	 technologies	 such	 as	 CVD	 (chemical	 vapor	 deposition)	 and	 PVD	
(physical	vapor	deposition)	have	considerably	increased	the	wear	resistance	of	hardmetals.		
Cemented	carbides	were	supposed	to	be	a	temporary	solution	in	the	industry	(to	replace	
the	 diamond),	 but	 today	 they	 represent	 a	 successful	 and	 irreplaceable	 material	 for	 the	





Cemented	 carbides	 belong	 to	 the	 family	 of	 composite	 materials.	 These	 materials	 are	
constituted	by	a	ceramic	phase,	which	is	hard	and	brittle,	and	a	ductile	metallic	phase	that	acts	
as	a	binder.	This	singular	phase	combination	leads	to	a	material	with	outstanding	attributes	such	
as	high	 compressive	 strength	and	wear	 resistance.	 International	 literature	 considers	 cemented	
carbides	 and	 cermets	 as	 hard	 materials	 which	 can	 be	 composed	 by	 tungsten	 carbide	 (WC),	
titanium	carbide	(TiC),	niobium	carbide	(NbC),	or	tantalum	carbide	(TaC);	with	a	metallic	phase	





Production	 of	 cemented	 carbides	 consists	 in	mixing	 carbide	 and	metallic	 powders	 in	 a	
humid	 ball	mill	 to	 refine	 the	 particles	 sizes	 and	 obtain	 a	 homogeneous	mud.	 Then,	 the	mix	 is	
dried	in	a	controlled	atmosphere	to	prevent	oxidation	before	the	compaction.	There	are	several	
ways	 to	 do	 the	 step	 of	 compaction:	 cold-pressing,	 isostactic	 pressing,	warm-pressing	 for	 large	
pieces	and	extrusion	for	large	and	circulars	pieces.	To	finish,	the	conformed	pieces	are	sintered	in	
an	oven	[9].	During	sintering,	the	metallic	binder	becomes	liquid	at	temperatures	around	1400	°C	










   
	
 
Nano Ultrafine Submicron Fine Medium Medium coarse Coarse 
Extra 
coarse 






µm >5.0 µm 
        
• Binder content: 3 wt.%- wt.10% 
• Cutting tools for metallic and 
nonmetallic machining: grain size 
below 1 µm. 
• Binder content: 6 
wt.%-30wt.% 
• Wear parts and 
cutting tools: grain 
size between 1-3 µm 
• Binder content: 6wt.%-
15wt.% 
• Mining, Gas-Oil application: 




• The	 ceramic	phase	 (α	 phase)	 is	 the	major	 phase.	 The	most	 commonly	used	 carbide	 is	
tungsten	carbide	(WC).	The	hard	phase	represents	between	65%-97%	(in	volume)	of	the	
composite	 material	 [11]. WC	 is	 highly	 anisotropic	 with	 hexagonal	 close	 packed	 (hcp)	
crystal	 structure.	 This	 structure	 presents	 the	 following	 lattice	 parameters:	𝑎 = 0.2906 𝑛𝑚 	and	𝑏 = 0.2837 𝑛𝑚 	with	 a	𝑐 𝑎 = 0.976 ratio	 [12].	 The	 size	 and	 the	
quantity	 of	 carbide	 particles	 can	 change	 the	 mechanical	 properties	 of	 the	 cemented	
carbide.		
	
• The	 metallic	 phase	 (β	 phase)	 is	 commonly	 cobalt	 (Co).	 Co	 has	 two	 allotropic	 forms:	
below	400°C	 presents	 a	 hexagonal	 close	 packed	 (hcp)	 structure	 (ε-Co);	 above	 400°C	
becomes	α-Co,	 which	 has	 a	 face	 centered	 cubic	 (fcc)	 structure.	 In	 many	 cemented	
carbides,	the	fcc	phase	stabilizes	because	of	the	presence	of	tungsten	and	carbon	in	solid	
solution	 [13].	 Cemented	 carbides	with	partial	 or	 total	 substitution	of	 the	 traditional	 Co	
binder	by	others	(e.g.	Fe,	Ni,	Fe-Ni,	Co-Fe-Ni,	Fe-Al,	Cr,	Cr-Fe)	have	also	been	employed	to	
obtain	hardmetals	for	specific	industrial	applications.	Furthermore,	Ni	and	Fe	aluminides	










much	more	 brittle.	 Cubic	 carbides	 are	 added	 to	WC-Co	metals	 to	 control	 grain	 growth	
during	 the	 sintering	 and	 to	 improve	 some	 properties.	 For	 example	 TiC	 improves	
resistance	to	chemical	diffusion	and	reduces	electrical	conductivity	for	some	applications.	
TaC	 is	 added	 to	 cutting	 tool	 grades	 because	 it	 has	 higher	 toughness	 than	 TiC.	 Cubic	
carbides	also	help	improve	corrosion	resistance	[11].		
	
• Some	 other	 phases	 can	 be	 found	 in	 less	 proportion	 in	 hardmetals.	 The	κ,	η,	Χ,	Υ	
phases	are	considered	harmful	and	are	apart	 from	the	metallic	and	 the	ceramic	phase.	
The	η	 phase	 is	 composed	 by	 W,	 Co	 and	 C	 (Co6W6C),	 and	 can	 be	 formed	 at	 grain	






property	 is	 the	 result	 of	 a	 combination	 of	 several	 mechanisms	 and	 is	 related	 to	 surface	
phenomenon.	When	two	surfaces	slide	against	each	other,	material	will	be	removed	from	both	
of	 them.	At	a	 low	 load,	 the	 loss	of	material	will	 take	place	 through	 the	 loss	of	 single	grains	or	
parts	 of	 single	 grains,	 which	 is	 generally	 referred	 to	 as	 attrition.	 The	 nature	 of	 wear	 is	 very	




occur	 within	 the	 material.	 The	 mechanical	 strength	 and	 deformability	 of	 the	 material	 are	
therefore	 important.	 In	many	 cases,	 particularly	when	 dealing	with	 shock	 loading,	 both	 these	
properties	 must	 be	 considered	 simultaneously.	 This	 forms	 the	 background	 to	 the	 term	
“toughness”	which	can	be	defined	as	“the	ability	 to	 resist	 fracture”,	 i.e.	a	complete	separation	
into	at	least	two	parts.	For	hardmetals,	fracture	toughness	rises	with	increasing	binder	content,	
and	with	 increasing	WC	 grain	 size. In	 comparison	with	metallic	materials,	 carbides	 are	 on	 the	
lower	part	of	the	toughness	scale,	approximately	at	the	same	level	as	hardened	steel.	Cemented	
carbides	 are	 classified	 as	 a	 brittle	 material,	 as	 practically	 no	 plastic	 deformation	 precedes	




   
2.4.3	Hardness	
Hardness	 is	 a	measure	 of	 how	 resistant	 a	 solid	 is	 to	 various	 kinds	 of	 permanent	 shape	
changes	 when	 a	 compressive	 force	 is	 applied.	 There	 are	 several	 ways	 to	 measure	 hardness.	
Vickers	indentation	method,	being	the	HV30	the	most	used	one	for	hardmetals.	Here,	a	force	of	
a	30	kg	weight	(294	N)	is	used	to	create	a	measurable	indentation	with	minimal	cracking	at	the	








lead	 to	a	 reduced	material	 strength.	The	most	 representative	value	of	mechanical	 strength	 for	
cemented	 carbides	 is	 the	 bending	 strength,	 which	 represents	 the	 highest	 stress	 experienced	
within	 the	 material	 at	 its	 moment	 of	 rupture.	 A	 careful	 grinding,	 conducted	 without	 any	
introduction	of	cracks	or	surface	defects,	will	increase	the	bending	strength	values	compared	to	
those	obtained	from	as	sintered	specimens.	 
• Transverse	 rupture	 strength	 (TRS)	 or	 Bending	 strength:	
It	 is	 the	 most	 common	 way	 of	 determining	 the	 mechanical	 resistance	 of	 cemented	
carbides.	 It	 consists	 in	 placing	 a	 specimen	 of	 a	 specified	 length	 with	 rectangular	 cross	


















Brittle	 materials,	 as	 cemented	 carbides,	 have	 an	 elastic	 behavior	 without	 plastic	
deformation.	 This	 property	 can	 be	 studied	within	 the	 framework	 of	 the	 linear	 elastic	 fracture	
mechanism	(LEFM).	It	states	that	when	the	stress	intensity	factor	reaches	a	critical	value,	a	crack	
begins	to	propagate	in	an	unstable	mode.	Thus,	fracture	toughness	depends	on	applied	strength	
and	 defect	 size	 (already	 existing	 in	 the	 material),	 and	 controls	 the	 rupture	 behavior	 of	
hardmetals.	The	following	equation	is	the	criterion	of	rupture	[14]:	
	 𝐾!" = 𝑌𝜎! 𝑎!" 	(2.1)	
	
where	𝐾!" 	is	the	stress	intensity	factor,	Y	is	a	dimensionless	factor	geometric	which	depends	on	
the	 geometry	 and	 the	 shape	of	 the	 defect.	 In	 our	 case	 Y	 is	 equal	 to	 1.12	 if	 the	 cracks	 has	 an	
elliptical	superficial	shape,	𝜎! 	is	the	rupture	resistance	and	𝑎!" 	is	the	size	of	the	defect.		
	









The	 objective	 of	 this	 project	 is	 to	 assess	 whether	 the	 mechanical	 properties	 of	 two	
different	 grades	 of	 cemented	 carbides	 are	 improved	 after	 being	 submitted	 to	 a	 cryogenic	
treatment.	 The	 mechanical	 properties	 studied	 are	 hardness,	 fracture	 toughness,	 and	 flexural	
strength.	The	studied	hardmetals	are	two	WC-Co	and	WC-Ni	grades	with	similar	microstructural	
parameters.		Previous	investigations	have	reported	that	the	cryogenic	treatment	could	improve	
the	 mechanical	 properties	 of	 cemented	 carbides	 and	 attribute	 it	 to	 a	 Co	 martensitic	
transformation	 from	 the	 fcc	 to	 the	 hcp	 phase.	 To	 achieve	 the	 main	 goal	 of	 this	 project,	 the	
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of	 two	 cemented	 carbides	 grades	with	 two	different	metallic	 binders,	 after	 and	before	
the	cryogenic	treatment.		
• To	determine	the	influence	of	the	cryogenic	treatment	on	the	failure-controlling	defects	





The	 cryogenic	 treatment	 is	 a	 process	 where	 a	 material	 is	 subjected	 to	 cryogenic	
temperatures	 (below	 -190	 °C),	 to	 change	 its	 properties	 in	 order	 to	 enhance	 its	 performance	
[15,16].	It	has	been	proved	that	such	treatments	can	improve	wear	resistance	of	high-speed	steel	
(HSS)	and	medium	carbon	steels	used	 in	cutting	tool	 industry	[16].	However,	research	done	on	
cemented	 carbides	 within	 this	 perspective	 is	 quite	 limited.	 It	 can	 be	 used	 in	 a	 wide	 range	 of 
materials	such	as	ferrous	or	non-ferrous	metal	alloys,	plastics,	ceramics	and	carbides	[15].		 
Cryogenic	 treatment	 consists	 in	 cooling	gradually	a	material	by	means	of	a	 control	unit	
using	gases	such	as	nitrogen	or	helium	cooled	by	the	system	to	temperatures	varying	between	-
125	°C	to	-196	°C	[15].	The	material	is	held	steady	at	this	low	temperature	for	a	certain	time	and	
then	 progressively	 brought	 back	 to	 room	 temperature	 [15].	 Cryogenic	 treatment	 may	 be	
followed	by	a	tempering	process	[16]. 









The	 efficiency	 of	 a	 cryogenic	 treatment	 depends	 on	many	 parameters,	 such	 as	 cooling	
speed,	 soaking	 period	 and	 temperature,	 and	 when	 performed,	 the	 tempering	 process.	 An	
example	 of	 a	 cryogenic	 treatment	 is	 shown	 in	 figure	 (3.2);	 which	 can	 affect	 mechanical	




outlined	as	 follow:	 temperature	was	gradually	 lowered	 inside	a	chamber	 to	about	 -184	 °C	and	





1	 °C/min	 as	 the	 rates	 of	 cooling,	 the	 researchers	 completed	 the	 total	 cooling	 and	 heating	





   
 
Figure 3.2 Cryogenic treatment cycle followed by tempering [8]. 
 
Yong	 and	 Ding	 [16]	 investigated	 the	 effect	 of	 deep	 cryogenic	 treatment	 at	 different	
holding	times	(2,	4,	8,	24	and	72	h)	on	the	mechanical	and	magnetic	properties	of	WC-8wt%.	Co	
cemented	carbides.	They	cooled	specimens	gradually	 to	approximately	 -196	°C	at	 the	rate	of	2	
K/min	 and	 steady	 hold	 at	 this	 low	 temperature	 for	 a	 certain	 time,	 and	 then	 progressively	
increased	the	temperature	back	to	room	temperature.	The	very	low	temperature	was	achieved	
using	well-insulated	treatment	chamber	controlled	by	computer	with	liquid	nitrogen.	The	results	
showed	 that	 after	 cryogenic	 treatment,	 hardness,	 compression	 strength,	 wear	 resistance	 and	
fatigue	life	of	the	samples	enhanced	while	the	bending	strength	and	toughness	did	not	change	




due	 to	 internal	 compression	 stresses,	 which	 appear	 during	 the	 cryogenic	 treatment.	 Those	






















carbide	 phase,	 as	 the	 highest	 value	 was	 achieved	 for	 the	 sample	 held	 for	 24	 h.	 Also,	 wear	






samples.	 They	 also	 found	 that	 the	 hardness	 values	 for	 the	 cryogenically-treated	 samples	
increased	 and	 attributed	 it	 to	 the	 compressive	 residual	 stresses	 induced	 during	 the	 deep	
cryogenic	 treatment	due	 to	 the	 large	difference	of	 thermal	expansion	coefficient	between	WC	










transformation	 of	 the	 Co	 from	α-Co	 to	ε-Co,	 that	 takes	 place	 during	 the	 soaking	 period.	 A	






   
	




































































The	 chemical	 composition	 of	 the	 two	 grades	 of	 cemented	 carbides	 used	 in	 this	

















10CoUF	 10	 0.4	±	0.2	 0.5	±	0.1	 0.2	±	0.1	





hard	 phase	 that	 is	 shared	 by	 particles	 of	 the	 same	 phase.	 λbinder is	 the	 mean	 free	 path	 and	
represent	an	important	quantitative	parameter,	which	relates	size	distributions	of	WC	and	Co.	




Shaping	process	 can	 lead	 to	 the	 introduction	of	 large	 surface	defects,	 thereby	 reducing	
the	 strength	of	 the	 finished	product.	 The	 samples	were	polished	on	one	 face	 and	edges	were	
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chamfered,	to	eliminate	cracks	and	defects	in	order	to	obtain	accurate	results	from	the	bending	
test	and	hardness	test.	Moreover,	this	polishing	is	a	critical	step	previous	to	microscopy	analysis.		




















Time	(min)	 Disc	 Speed	(rpm)	 Force	(N)	
1	
5	 MD-Piano	220	 150	 15	
2	



















Rockwell	A	hardness	consists	 in	 indenting	 the	sample	using	a	diamond	 indenter	 (with	a	








   




Vickers	 hardness	 tests	 were	 done	 using	 a	 pyramidal	 diamond	 indenter	 that	 leaves	 a	
squared	imprint	on	the	surface	of	the	sample.	A	Defries-Frank	GMBH	machine	was	used	with	an	
applied	 force	of	 30Kgf	weight	 (294	N).	 To	 calculate	 the	Vickers	 hardness,	 the	diagonals	 of	 the	
imprints	were	measured	and	hardness	values	were	determined	using	the	following	expression:		




































As	 previously	 mentioned,	 strength	 is	 of	 stochastic	 nature	 in	 cemented	 carbides	 and	 several	
samples	 need	 to	 be	 tested.	 In	 this	 study,	 at	 least	 five	 samples	 were	 tested	 per	 grade	 and	
condition.	Testing	was	done	under	four-point	bending	with	inner	and	outer	spans	of	20	and	40	
mm.	The	test	consists	in	applying	a	load	to	a	sample	suspended	in	four	points	of	support,	as	seen	






















Characterization	of	 the	microstructure	of	 the	grades	of	 cemented	 carbides	 studied	was	
done	before	and	after	the	cryogenic	treatment	(4h)	in	order	to	determine	possible	changes	in	the	
microstructure	 generated	 during	 the	 treatment.	 For	 that	 purpose,	 a	 Scanning	 Electron	
Microscope	(SEM)	JEOL	JSM	6400	was	used.		






















sample	 from	 the	 contrast	 generated	 depending	 on	 the	 atomic	 number	 of	 the	 element:	 the	
highest	the	atomic	number,	the	brighter	the	image	[25].		
	
The	 secondary	 electrons	provide	high-resolution	 imaging	of	 fine	 surface	morphology.	 It	
enables	 to	 obtain	 tridimensional	 image	 of	 the	 surface	 of	 the	 samples.	 It	 results	 from	 the	
interaction	between	the	electrons	of	the	sample	and	the	incident	ones	results	in	the	emission	of	
low-energy	electrons	 from	near	 the	surface	of	 the	sample.	The	 topography	of	 surface	 features	
influences	the	number	of	electrons	that	reach	the	secondary	electron	detector	from	any	point	on	




interaction	 between	 the	 incident	 electrons	 and	 an	 atom	 of	 the	 sample.	 	 	 An	 energy	 transfer	
occurs	in	favor	of	a	peripheral	electron	of	the	atom,	which	is	going	to	induce	electron	movement	
in	 the	 internal	 electronic	 structure	 of	 the	 atom.	 This	 change	 of	 energetic	 level	 and	 the	
reorganization	of	the	electron	leads	to	photons	X	liberation	[25].		
	









The	microstructure	of	both	grades	of	 cemented	carbides	untreated	and	 treated	 for	4	h	











































negligible	 for	 both	materials.	 If	 main	 change	 from	 the	 imposed	 treatment	 comes	 from	 phase	
transformation	of	the	metallic	phase	(WC-Co	grade),	this	result	could	be	expected.	Moreover	if	
treatment	 is	 including	 any	 kind	 of	 compressive	 residual	 stresses	 as	 pointed	 art	 by	 other	
investigators,	it	is	not	reflected	in	the	hardness	measurement.		









treatment	 on	 hardness	 for	 both	 materials	 studied.	 Those	 results	 are	 not	 in	 agreement	 with	
studies	 that	 have	 found	 that	 the	 cryogenic	 treatment	 increases	 the	 hardness	 of	 cemented	
carbides.	
Although,	it	should	be	underlined	that	beneficial	changes	reported	were	rather	minor.			
































On	 the	 other	 hand,	 cryogenic	 treatment	 effects	 on	 toughness	 of	 WC-Ni	 grade	 are	
uncertain.	Indeed,	this	grade	is	not	enough	fragile	and	very	tough	so	the	measurement	method	






















not	 statically	 significant.	 This	 is	 even	 the	 case	 for	 the	 WC-Co	 grade	 after	 9h	 of	 treatment,	
condition	 for	which	 a	 higher	 hardness	was	 determined.	 Accordingly,	 trans	 indicating	 an	 initial	



































   
 
Figure	5.8	Fractography	analysis	of	WC-Co	grade	cryogenically	treated	for	9h	(sample	4)	
Individual	 assessment	 of	 tested	 samples	 indicated	 that	 the	 uncommon	 low	 value	
determined	for	sample	5	(4h	at	cryogenic	temperature)	was	due	to	the	presence	of	an	inclusion	
shown	on	figure	(5.7).	In	the	cobalt	grade,	pores	are	the	most	common	defect	found.	Pores	were	
























Type	of	defect	 Area	 of	 the	 defect	
(𝝁𝒎𝟐)	
1	 4	 Pore	 647.2	
2	 4	 Pore	 366.4	
5	 4	 Inclusion	 334.4	
6	 4	 Pore	 179.3	

























   










due	 to	 intrinsic	 microstructural	 heterogeneity	 and	 it	 is	 not	 affected	 by	 the	 cryogenic	
treatment. 












• In	 order	 to	 discard	 the	 difficulty	 of	 cracks	 observation	 in	 the	 optical	microscope for	 a	








This	 research	 was	 partly	 a	 collaborative	 Industry-University	 program	 between	 Sandvik	
Hyperion	and	Universitat	Politècnica	de	Catalunya,	 through	the	Centre	d’Integritat	Estructural	 i	
Fiabilitat	 dels	 Materials	 (UPC-CIEFMA).	 In	 particular,	 Sandvik	 Hyperion	 kindly	 supplied	 the	
experimental	hardmetals	grades	studied	in	this	investigation.	
	










No.	 Item	 Unit	cost	 Quantity	 Subtotal	(€)	
1	 Equipment:	
1.1	 Testing	Machine	INSTRON	 25	€/h	 6h	 150	
1.2	 Polishing	Machine	 10	€/h	 30	h	 300	
1.3	 Optical	microscope	 20	€/h	 1h	 20	
1.4	 Confocal	microscope	 40	€/h	 8h	 320	
1.5	 FE-SEM	 35	€/h	 4h	 140	
1.6	 Hoytom	Super	Rockwell	 20	€/h	 3	h	 60	
1.7	 Vickers	 20	€/h	 6h	 120	
Subtotal	1:	 1110	
2	 Laboratory	supplies:	
2.1	 Polishing	discs	 200	€/unit	 5	 1000	
2.2	 Polifast	resin	 50	€/unit	 1	 50	
2.3	 Diamond	past	 300	€/l	 1	l	 300	
2.4	 Lubricant	 50	€/l	 5	l	 250	
2.5	 Solvent:	ethanol	 2	€/l	 10	l	 20	
2.6	 Nitrogen	liquid	 5	€/l	 20l	 100	
Subtotal	2:	 1720	
3	 Research	staff	(5	months):	
3.1	 Juniors	Engineers		 20	€/h	 500	h	 10000	
3.2	 Tutor	 40	€/h	 40	h	 1600	





   
Environmental	impact	
 
The	 products	 used	 during	 the	 sample	 preparation	 are	mainly	 distilled	 water,	 polishing	
lubricant	 and	 solvent	 in	 large	 quantities.	 However,	 laboratory	 supplies	 consumption	 together	
with	energy	consumption	does	not	imply	an	environmental	risk	or	deep	impact	in	environmental	
areas.	 This	 waste	 was	 properly	 treated	 by	 laboratories	 at	 the	 Escola	 Tècnica	 Superior	
d’Énginyeria	 Industrial	 de	 Barcelona,	 ETSEIB,	 and	 the	 Centre	 de	 Recerca	 en	 Nanoenginyeria,	
CRnE,	according	to	the	Universitat	Politècnica	de	Catalunya,	UPC	and	EU	environmental	policies.		
The	major	environmental	 impact	of	 this	project	 is	 indirect	because	 it	 is	 about	electrical	
consumption	(Polishing	machine,	machines	for	mechanical	tests,	SEM,	confocal	microscopy).		
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